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a b s t r a c t

A series of organic photovoltaic devices consisting of concentration gradients of poly (3-octylthiophene)

(P3OT) and [6,6]-phenyl-C61 butyric acid methyl ester (PCBM) were fabricated by thermally-induced

interdiffusion of consecutively spin-cast layers of P3OT and PCBM from solvents of chloroform and

pyridine, respectively. The device performance was evaluated as a function of the layer thicknesses,

interdiffusion temperature, and interdiffusion time. A maximum power conversion efficiency of 1.0%

under AM1.5G simulated solar spectrum was obtained for 70 nm P3OT thickness, 45 nm PCBM

thickness, and interdiffusion at 150 1C for 20 min. Auger spectroscopy depth profiling measurements

indicated that the optimal devices consist of concentration gradients of P3OT and PCBM extending

across the entire film in opposite directions.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

Polymeric photovoltaic devices offer the potential for inexpen-
sive, large area, lightweight, flexible efficient renewable power
sources [1,2]. The highest efficiencies achieved so far are �5%
under AM1.5 simulated solar spectrum for devices made from
blends of poly (3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61

butyric acid methyl ester (PCBM) [3]. Significant efforts are being
made to increase efficiencies through low bandgap polymers, new
acceptor materials, and novel processing approaches, and im-
portant practical considerations such as stability and fabrication
of large area devices are gaining more attention [2,4–7]. Polymeric
photovoltaic devices rely upon the dissociation of a photogener-
ated exciton by the transfer of an electron from the P3HT donor to
the PCBM acceptor species. Because the exciton diffusion distance
is limited to o10 nm [8–10], it is essential to control the
composition of the electron donor and acceptor components on
the nanometer length scale. In standard blend (bulk heterojunc-
tion) devices, one relies on phase separation of the two
components to accomplish this in an averaged manner through-
out the film. Blend devices, in which the semiconducting polymer
donor and fullerene acceptor are co-dissolved in an organic
solvent and spin-cast into a single film, provide good charge
transfer from electron donor to acceptor, but charge transport is
ll rights reserved.
potentially limited due to discontinuous pathways of the donor
and acceptor materials to their respective electrodes. In contrast,
bilayer devices provide optimized charge transport while the
charge transfer is severely compromised. We have been develop-
ing an approach wherein a concentration gradient of the two
components is achieved to maximize the concentration of the
majority carrier component in the vicinity of each respective
electrode while still providing proximity of the donors and
acceptors to enable charge transfer [11–13]. This has been
accomplished through sublimation of a C60 layer on top of a
spin-cast polymer layer followed by thermally-induced interdiffu-
sion of the two films. Here, we report on a series of experiments
performed to study organic photovoltaic devices consisting of
concentration gradients of poly (3-octylthiophene) (P3OT) and
PCBM fabricated in a novel manner. The devices were fabricated
by thermally-induced interdiffusion of consecutively spin-cast
layers of P3OT and PCBM from solvents of chloroform and
pyridine, respectively.

Other approaches have also been explored to obtain more
complex arrangements than phase-separated blends of the donor
and acceptor species. Granstrom et al. [14] separately spin-cast
donor and acceptor polymers on two separate electrodes and
laminated the two together at 200 1C in order to obtain partial
mixing of the two layers. Chen et al. [15] spin-cast PCBM from
xylene onto a film of poly[2-methoxy-5-(30,70-dimethyloctyloxy)-
1,4phenylenevinylene] (MDMO-PPV). Since MDMO-PPV is only
weakly soluble in xylene at room temperature, it was presumed
that the PCBM should penetrate into the MDMO-PPV during the
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spin-coating process. Xue et al. sandwiched a mixture of copper
phthalocyanine (CuPc) donor and C60 acceptor between two pure
layers of CuPc and C60 [16].

PCBM is generally a preferred acceptor material to C60 for
organic photovoltaic devices because the presence of the side
chain enhances the solubility and the higher lowest unoccupied
molecular orbital (LUMO) energy level relative to C60 leads to a
higher open circuit voltage, Voc. However, PCBM does not survive
sublimation without substantial decomposition. Thus, in order to
develop concentration gradient devices consisting of P3OT and
PCBM for the present work, it was necessary to develop a modified
fabrication procedure in which the materials are sequentially
spin-cast. Furthermore, the layer thicknesses and interdiffusion
temperature and time were varied in order to optimize the
efficiency of the devices. It has been found with optimized
parameters that P3OT–PCBM interdiffused devices can achieve a
monochromatic power efficiency of �2% at 470 nm and AM1.5G
simulated solar spectrum efficiency of 1.0%. The devices were
studied at different interdiffusion temperatures, with a primary
focus on 140 and 150 1C. P3OT is a semicrystalline polymer with a
melting point (Tm) of 187 1C and a glass transition temperature
(Tg) of the order of �100 1C [13]. Hence, annealing and interdiffu-
sion both were carried out at temperatures above Tg but below Tm.
2. Experimental details

Indium tin oxide (ITO)-coated glass slides were spin-coated
with poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) complex (Bayer Corporation) at 1400 rpm. P3OT
(Rieke Metals, Inc.) was spin-coated from 0.8 wt/vol% solution in
chloroform at 2750 rpm followed, in some cases, by annealing of
the device at 120 1C for 10 min. Annealing was done under vacuum
(4�10�6 Torr) to remove residual water and solvents and to
increase the P3OT crystallinity for improved hole mobility [3].
PCBM was then spin-cast from a 2.0 wt/vol% solution in pyridine
at 2450 rpm. The P3OT thickness was varied by changing the spin
speed in the range 2000–2750 rpm, while the concentration was
maintained at 0.8 wt/vol%. It was found that the PCBM thickness is
quite independent of the spin speed and is instead highly
dependent on the amount of solution dropped onto the substrate.
The PCBM thickness was thus controlled by varying the number of
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Fig. 1. Optical density of a P3OT film on glass before and after washing with 7–8

drops of pyridine while spinning at 2000 rpm.

Table 1
Monochromatic power conversion efficiency, fill factor, open circuit voltage, and short

Thickness Efficiency 470 nm (%) F

P3OT(85 nm) PCBM(62 nm) 0.16 0

P3OT(64 nm) PCBM(45 nm) 0.23 0
drops from 6 to 15 while the substrate spun at 2450 rpm. Pyridine
was used as a wetting layer between P3OT and PCBM. About
10–15 drops of pyridine were applied to the substrate while it was
spinning at 2450 rpm followed by PCBM immediately, without
letting the pyridine dry. Interdiffusion of the devices was carried
out in the vacuum chamber at different temperatures for varied
intervals of time. Aluminum cathodes were then thermally
evaporated onto the film after interdiffusion was completed.

The thickness of P3OT and PCBM films was determined from
the optical density obtained from reflection and transmission
measurements with a Filmetrics F20-UV thin film spectrometer
system. The absorption coefficient used for P3OT is 14�104 cm�1

at 512 nm and for PCBM it is 2�104 cm�1 at 512 nm. Photocurrent
spectra were measured using a 300-W Xe lamp in combination
with a CVI CM 100 monochromator as the illumination source and
a Keithley 485 picoammeter to record the short circuit currents
ISC. The power spectrum P(l) of the lamp was determined with a
calibrated Si diode. Photoresponsivity (PR) is the conversion
efficiency of light to electrical energy and is given by

PRðlÞ ¼
ISCðlÞ
PðlÞ

(1)

Here ISC(l) is the short circuit current when there is no voltage
on the device and P(l) is the power of illumination for a specific
wavelength.

EQE is the conversion efficiency of incident photons to the
extracted electrons and can be determined from photoresponsiv-
ity by

EQEðlÞ ¼
hc

e

PRðlÞ
l

, (2)

where h is the Planck’s constant, c the speed of light, and e the
charge of the electron. I–V curves were measured with a Keithley
236 source measure unit in the dark, using the 470-nm
monochromatic light of the Xe lamp and using the AM1.5G
simulated solar spectrum described below.

In addition to measurements under monochromatic illumina-
tion, measurements were also taken under simulated AM1.5G
solar spectrum. AM0 and AM1.5G filters (Oriel Instruments),
calibrated for the 300 W Xenon arc lamp, were placed in front of
the lamp to produce the simulated solar spectrum. The AM1.5G
solar spectrum was set to an intensity of 100 mW/cm2 (1 sun)
using a calibrated silicon photodiode and the results were
uncorrected for spectral mismatch.

To study the concentrations of P3OT and PCBM in the
interdiffused films, a 610 Perkin–Elmer scanning Auger spectro-
scopy system in combination with Ar-ion-beam milling was used.
In this system, the surface layer of a film can be tested for its atomic
constituents. After the Auger scan, the surface layer is milled off
with an Ar-ion beam, and the new surface layer can be tested.

The spin-coating of a PCBM layer on a previously spin-cast
layer of P3OT is critical to this work. In contrast to C60, which is
not very soluble but is easily sublimed, PCBM is quite soluble in a
number of organic solvents but is highly susceptible to decom-
position during sublimation. In order to avoid dissolution of the
P3OT layer during spin-coating of PCBM, it was necessary to find a
solvent in which PCBM is well-soluble but which is a poor solvent
for P3OT. A variety of solvents were tested to see which can
circuit current density for P3OT–PCBM bilayer devices.

F 470 nm Voc 470 nm (V) Jsc 470 nm (mA/cm2)

.43 0.255 �0.05

.42 0.345 �0.06
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dissolve PCBM well compared to P3OT. It was found that pyridine
dissolves PCBM fairly well but does not wash off a layer of P3OT
spin-cast from chloroform. To test this, 7–8 drops of pure pyridine
were dropped onto a substrate having a P3OT layer and spinning
at 2000 rpm. Optical density measurements were made on the
P3OT layer before and after the pyridine wash as shown in Fig. 1. It
is evident from the figure that the thickness is essentially the
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Fig. 2. EQE spectra for P3OT–PCBM devices with and without interdiffusion.

Interdiffusion is carried out at 150 1C for 10 min without prior annealing. Individual

film thicknesses prior to interdiffusion are indicated in parentheses.

Table 2
Monochromatic and AM1.5G power conversion efficiency, fill factor, open circuit volta

without prior annealing.

Thickness Efficiency

470 nm (%)

Efficiency

AM1.5G (%)

FF 470 nm

P3OT (61 nm) PCBM (54 nm) 1.45 0.28 0.44

P3OT (73 nm) PCBM (51 nm) 1.5 0.38 0.47
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Fig. 3. EQE spectra for P3OT (70 nm)–PCBM (40–50 nm) devices interdiffused at (a) 140

was annealed at 120 1C for 10 min prior to PCBM deposition in all devices.
same before and after pyridine washing. On the other hand,
pyridine can dissolve PCBM at better than 25 mg/ml.
3. Results and discussion

Initially, several P3OT–PCBM devices were made without
interdiffusion, which we refer to as bilayer devices. P3OT was
annealed at 120 1C prior to the PCBM deposition followed by the
aluminum deposition. The bilayer P3OT–PCBM devices were
found to have a monochromatic (470 nm) power conversion
efficiency of �0.2%. The 470 nm monochromatic power conversion
efficiencies, fill factors (FF), open circuit voltages (Voc), and short
circuit current densities (Jsc) values are shown in Table 1.

Next, in order to determine whether the increased polymer
crystallinity caused by annealing would hinder diffusion of PCBM
into the polymer film, devices were fabricated both with and
without annealing of the P3OT film prior to the interdiffusion step.
First, several interdiffused devices were made without annealing
of the P3OT layer prior to deposition of PCBM and interdiffusion.
Fig. 2 shows the EQE spectra of P3OT–PCBM devices with and
without interdiffusion and without prior annealing. Here
interdiffusion is carried out at 150 1C for 10 min. The
interdiffused devices consisted of P3OT/PCBM thicknesses of 61/
54 nm and 73/51 nm. These devices had the highest efficiencies of
ten devices of varying thicknesses made without P3OT annealing
prior to interdiffusion. The 470 nm monochromatic and AM1.5G
power conversion efficiencies, fill factors, open circuit voltages
(Voc), and short circuit current densities (Jsc) are shown in Table 2.
The highest AM1.5G power conversion efficiency obtained was
0.38%. It can be seen by comparison with Table 1 that
interdiffusion results in an order of magnitude increase in the
monochromatic power conversion efficiencies.

For additional devices, the P3OT layer was annealed at 120 1C
for 10 min prior to spin-casting of PCBM and interdiffusion. As will
ge, and short circuit current density for interdiffusion done at 150 1C for 10 min

FF AM1.5G Voc 470 nm

(V)

Voc AM1.5G

(V)

Jsc 470 nm

(mA/cm2)

Jsc AM1.5G

(mA/cm2)

0.33 0.385 0.395 �0.34 �2.65

0.32 0.385 0.485 �0.32 �3.7
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1C for 10, 20, 30, and 40 min and (b) 150 1C for 10, 20, 30, and 40 min. The P3OT film
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be seen below, the device performance was comparable to or
better than devices without prior annealing. We thus concluded
that the increased P3OT crystallinity induced by annealing does
not interfere with the interdiffusion process and thus concen-
trated our efforts on devices for which the P3OT layer was
annealed at 120 1C for 10 min prior to PCBM deposition.

The interdiffusion temperature and time are two major factors
that affect P3OT–PCBM devices by determining the extent of
interdiffusion of the two layers. Interdiffusion was done at 140
and 150 1C for varied amounts of time for devices with constant
thickness of 70 nm for P3OT and 40–50 nm for PCBM. The EQE
spectra for these devices are shown in Fig. 3. For interdiffusion
done at both 140 and 150 1C, as the time of interdiffusion is
increased from 10 to 40 min with a step of 10 min, the device with
interdiffusion done for 20 min shows the highest EQE.

Fig. 4 shows the trend of the monochromatic power conversion
efficiency (470 nm, 4.2 mW/cm2) as the interdiffusion time is
varied at 140 and 150 1C. Each data point is an average over 2–3
devices with the same thickness. As is evident from the figure, the
maximum efficiency occurs when the interdiffusion is done for
20 min, and there is a decrease in device performance for longer
interdiffusion times.

Table 3 shows the power conversion efficiency, fill factor, open
circuit voltage, and short circuit current density of the
P3OT–PCBM interdiffused devices under monochromatic
(470 nm) as well as AM1.5 illumination. The interdiffusion is
done at 150 1C for varied periods of time and the thicknesses of
the P3OT and PCBM were maintained at 70 and 40–50 nm,
respectively. The short circuit current density is maximized for
20 min of interdiffusion, while the open circuit voltage values are
similar for 20 and 30 min of interdiffusion and the fill factor
exhibits relatively modest variation.

While there are a large number of studies reported on blend
bulk heterojunction devices of P3HT and PCBM, there are very few
reports on P3OT/PCBM devices. One study reports a Voc of 0.635 V
and AM1.5G power conversion efficiency of 1.1% for 1:3 concen-
trations of P3OT and PCBM [17]. Another publication reports
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Fig. 4. Average monochromatic power conversion efficiency (470 nm, 4.2 mW/

cm2) vs. time of interdiffusion at 140 and 150 1C for devices with P3OT and PCBM

thicknesses of 70 nm and 40–50 nm, respectively.

Table 3
Monochromatic and AM1.5 power conversion efficiency, fill factor, open circuit voltage,

interval.

Interdiffusion

time (min)

Efficiency

470 nm (%)

Efficiency

AM1.5G (%)

FF 470 nm FF AM1

10 1.0 0.6 0.41 0.38

20 2.0 1.0 0.5 0.44

30 1.0 0.55 0.39 0.36

40 0.44 0.3 0.42 0.43
a Voc of 0.60 V under 20 mW/cm2 monochromatic illumination
at 488 nm, but no results were given for simulated solar
spectrum [18].

Fig. 5 compares the J–V curves under AM1.5G illumination for
the two devices in which the P3OT layer was not annealed and
devices where the P3OT layer was annealed at 120 1C for 10 min
prior to PCBM deposition with interdiffusion at 150 1C for 10, 20,
and 30 min. It is evident from Fig. 5 that prior annealing does not
interfere with the interdiffusion of P3OT and PCBM. Furthermore,
Voc of the annealed interdiffused devices is higher than that of the
non-annealed interdiffused devices by 0.1–0.2 V. The series
resistance [19] of the annealed devices with interdiffusion at
150 1C was calculated from the slope of the J–V curve at high
applied voltage. The series resistance is calculated using the
formula

Rs ¼
dV

dI

� �
V!1

(3)

In practice, Rs was calculated in the voltage range of 1.0–1.5 V.
Series resistances of 6.63, 4.84, 3.21, and 4.1O cm2 were obtained
for interdiffusion for 10, 20, 30, and 40 min, respectively,
demonstrating that the series resistance generally decreases
with increased interdiffusion of P3OT and PCBM. The increase in
the series resistance for interdiffusion at 40 min compared to
30 min may be due to an inversion of the P3OT and PCBM to
opposite electrodes that appears to occur when the interdiffusion
is carried out for longer times. This is discussed further with
respect to Fig. 7.

Fig. 6 shows the monochromatic power conversion efficiency
with respect to the time of interdiffusion when the interdiffusion
and short circuit current density for interdiffusion done at 150 1C for varying time

.5G Voc 470 nm

(V)

Voc AM1.5G

(V)

Jsc 470 nm

(mA/cm2)

Jsc AM1.5G

(mA/cm2)

0.355 0.515 �0.272 �3.2

0.385 0.525 �0.395 �4.1

0.395 0.565 �0.247 �2.76

0.285 0.435 �0.141 �1.67
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Fig. 5. AM1.5G illumination 4th quadrant J–V characteristics for P3OT–PCBM

devices interdiffused at 150 1C for 10, 20, and 30 min.
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temperature is maintained at 150 1C but the thickness is varied. As
it is evident from the figure, devices with a thickness of the order
of 70 nm of P3OT and 40–50 nm PCBM have better efficiency. In
addition, the efficiency is optimized when interdiffusion is done at
150 1C for 20 min.

Concentration depth profiles of the P3OT–PCBM films were
studied using Auger spectroscopy and ion beam milling. Since
P3OT contains sulfur while PCBM does not, the sulfur signal
indicates the relative amount of P3OT in the film as a function of
depth. The absolute intensity of the sulfur signals vary from
measurement to measurement depending on the settings and
sensitivity of the apparatus. Hence, the intensity of the signals is
meaningful only within each scan and the magnitudes of different
scans are arbitrary. Fig. 7 shows the Auger spectroscopy depth
profiles for a device that was not thermally interdiffused and
devices interdiffused at 150 1C for 10, 20, and 30 min. The device
that was not thermally interdiffused indicates a fairly pure PCBM
layer followed by a fairly pure P3OT layer with a gradient over
roughly 20 nm in between. For the devices with interdiffusion
done for 10 and 20 min, there is a gradually increasing
concentration of P3OT from the top to the bottom of the film.
For the device interdiffused for 30 min, the concentration gradient
appears to reverse such that the concentration of P3OT is higher at
the top of the film. While this latter result suggests that the
surface energy is minimized when the polymer is at the surface,
we are not aware of any published results that allow comparison
of the surface energies of P3OT and PCBM.

In all the devices discussed so far, when annealing was
performed the P3OT was annealed at 120 1C for 10 min prior
to the spin-coating of the PCBM layer. In order to examine
the effect of the annealing temperature, annealing was carried
out at 110, 120, 130, and 140 1C for devices with P3OT thickness
of 70 nm and PCBM thickness of 40–50 nm. The interdiffusion
step was maintained at 150 1C for 20 min for all the devices.
As shown in Fig. 8, the EQE of the device annealed at 120 1C is
higher than the ones annealed at 110, 130, and 140 1C. Table 4
shows the power conversion efficiency, fill factor, open circuit
voltage, and short circuit current density of the P3OT–PCBM
interdiffused devices under monochromatic (470 nm) as well as
AM1.5 illumination. The decrease in efficiency for annealing
at temperatures 4120 1C is presumably due to the onset of
degradation.
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Table 4
Monochromatic and AM1.5 power conversion efficiency, fill factor, open circuit voltage, and short circuit current density for interdiffusion with varied annealing

temperatures and interdiffusion done at 150 1C for 20 min.

Annealing temperature

(10 min) ( 1C)

Efficiency

470 nm (%)

Efficiency

AM1.5G (%)

FF 470 nm FF AM1.5G Voc 470 nm (V) Voc AM1.5G

(V)

Jsc 470 nm

(mA/cm2)

Jsc AM1.5G

(mA/cm2)

110 0.75 0.3 0.4 0.36 0.395 0.515 �0.185 �1.6

120 2.0 1.0 0.5 0.44 0.385 0.525 �0.395 �4.1

130 0.9 0.3 0.39 0.32 0.365 0.515 �0.228 �1.73

140 0.7 0.3 0.41 0.33 0.375 0.555 �0.171 �1.49

M. Kaur et al. / Solar Energy Materials & Solar Cells 93 (2009) 1779–17841784
4. Summary

We have reported a systematic study of the photovoltaic
performance of concentration gradients of P3OT and PCBM
created by thermally-induced interdiffusion of a bilayer formed
through two sequential spin-casting steps. An AM1.5G power
conversion efficiency of 1.0% was obtained for devices in which a
70 nm P3OT film is annealed at 120 1C followed by spin-casting of
40–50 nm thick PCBM from pyridine and interdiffusion of the two
films at 150 1C for 20 min. The increased crystallinity from
annealing of the P3OT film was found not to hinder the
interdiffusion process and led to increased efficiency. The short
circuit current density, open circuit voltage, fill factor, and power
conversion efficiency were studied as a function of the thicknesses
of the P3OT and PCBM layers as well as time and temperature of
the interdiffusion step. Auger spectroscopy concentration depth
profile studies confirmed that the maximum efficiency is obtained
when the concentration gradient of the two materials spans the
entire film.
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